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The Hutchinsonian niche is the n dimensional hyper volume that allows for the
persistence of a species. Castor canadensis, a large semi-aquatic rodent, is an ecosystem
engineer and often a keystone species for many ecosystems. I examined the effect of
multiple spatial scales on hierarchical habitat selection by C. canadensis using presenceonly modeling techniques. I also determined individual trophic niche specialization in C.
canadensis utilizing stable isotope analysis. I concluded that C. canadensis displayed
scale independent habitat selection when comparing landscape and fine spatial scales.
Individual trophic niche specialization occurred in colonies of the same resource
availability. Also, individual trophic niches varied substantially between wetlands. These
results have implications for the management of “generalist” species because populations
can be composed of specialized individuals. Studies of niche across spatial and
organizational scales are required for successful conservation and management strategies.
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CHAPTER I
INTRODUCTION
Niche is a foundational concept in ecology. Stemming from the Latin term for
small recess within a wall, the ecological definition is not as simplistic. Grinnell (1917)
initially proposed the concept of an ecological niche. He defined the niche as the habitat
requirements and behaviors that allow a species to persist and produce offspring. The
Grinnellian definition of niche limits description of an organism’s niche to abiotic
conditions. In response to the limitations of the Grinnellian niche, Charles Elton proposed
that a niche is a species “response to” and “effect on” the environment in which it lives
(Elton 1926, 2001). The Eltonian definition describes an organism’s niche by its
interactions with other organisms in the environment. Following the multiple definitions
of niche, G. Evelyn Hutchinson proposed an enveloping mathematical and theoretical
definition for niche as “A set of points in an abstract n dimensional N space” or “n
dimensional hyper volume”, where the dimensions are both biotic (interactions) and
abiotic (environmental conditions) factors contributing to the persistence of a population
(Hutchinson 1957). The inclusiveness of the Hutchinsonian definition of niche
encompasses the abstract and complex concept of an organismal niche, but it does not
give ecologists a clear working definition of niche. Instead, it offers a loose framework
for investigations of niche (Holt 2009).
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The Hutchinsonian niche is comprised of two main components, the fundamental
niche and the realized niche. The fundamental niche is defined as “all points within the n
dimensional space, in which a species can indefinitely exist” or a set of environmental
variables, in which a population can survive maintaining a positive intrinsic population
growth rate (r) (Hutchinson 1957, Holt 2009). The realized niche incorporates species
interactions, constraining the niche to locations in which a population can actually exist
and have an r > 0. The fundamental and realized niches are measured by intrinsic
population growth rate, as such investigations of an organismal niche cannot occur at an
ecological level of organization below a population when using the Hutchinsonian
definition of niche. Often studies of an organismal niche must occur within a more
flexible framework than the Hutchinsonian niche allows. Devictor et al. (2010) noted that
often a simple working niche definition typically associated with either the Grinnellian or
Eltonian niche would suffice in most ecological studies.
A flexible definition of niche allows for examinations of ecological phenomena
across spatial, temporal, and organizational scales. Scale has recently reemerged as a
variable affecting many aspects of ecological studies (Levin 1992). Many facets of an
organismal niche have been shown to change when examined across spatial, temporal,
and organizational scales (Wiens et al. 1986). Recent increases in remote sensing and
GPS technology have resulted in greater availability of large and fine scale datasets
across spatial and temporal scales (Cagnacci et al. 2010). Greater availability of fine scale
and large scale data have led to increases in studies examining phenomena such as
resource use, habitat selection, dispersal, and home range size across spatial and temporal
scales (Hirzel and Le Lay 2008, Nathan et al. 2008, McClintic et al. 2014).
2

Limitations of accurate data have until recently prevented examinations of many
aspects of an organismal niche across spatial and temporal scales (Schneider 2001).
Variation in facets of an organismal niche and its potential evolutionary implications
across organizational scales is not a novel concept. In this quote from the Origin of
Species (Darwin pg 8 1859), Charles Darwin noted the variability of individuals within a
population of both wild and domesticated organisms: “No case is on record of a variable
organism ceasing to vary under cultivation”. Observations such as Darwin’s have
prompted the development of the Variable Niche Hypothesis. The Variable Niche
Hypothesis attempts to explain how a species maintains genetic variability in a form
suitable for adaptive evolution without an unbearable genetic load (Van Valen 1965).
One of the main components of the Variable Niche Hypothesis is niche width.
Niche width refers to the variety of resources a population exploits to meet biological
needs (Roughgarden 1972). The width of a single facet of an organismal niche often
defines an organism as a “generalist” exhibiting variability in resource use or a
“specialist” exhibiting specificity in resource use (Futuyma and Moreno 1988). A
“generalist” population under the Variable Niche Hypothesis can be composed of
individual of two niches types. One type involves all of the individuals within a
population utilizing a variety of resources. The other possibility is a “generalist”
population composed of individuals with a specialized niche that utilizes different
resources. In both of these scenarios at the population scale the same number of
resources are utilized resulting in a wide or “generalist” niche. But “generalists”
populations composed of individual specialists have been shown to respond differently to
evolutionary pressures and management practices than a population of individuals each
3

utilizing a variety of resources (Roughgarden 1974). Many species and populations are
considered “generalist” for a variety of aspects of their niche, with few examinations
delving deeper to understand if the generalist pattern is consistent across organizational
scales.
There are two species in the genus Castor, Castor canadensis and Castor fiber.
Both are large semi-aquatic, nocturnal rodents that have been classified as “generalists”
in both habitat selection and diet aspects of their niche (Hartman 1996, Gallant et al.
2004, Pinto et al. 2009, Vorel et al. 2015). Castor canadensis traditionally occurred
throughout North America, while C. fiber traditionally occurred throughout Europe and
parts of Asia (Nowak 1999, Baker and Hill 2003). Castorids feed on a variety of woody
and herbaceous vegetation. The variability in diversity and amounts of woody and
herbaceous species consumed is conditional on geographic location and season (Baker
and Hill 2003, Severud et al. 2013a, Severud et al. 2013b). Both species of castorids live
in family groups ranging from 2-12 individuals, but social group size can vary dependent
on habitat quality, population density, and resource availability (Muller-Schwarze and
Sun 2003, Bloomquist and Nielsen 2010).
Both species of castorids were nearly extirpated from their historic ranges due to
hunting and land use changes (Nowak 1999, Baker and Hill 2003). Reintroduction plans
have been enacted in the mid-late 20th century resulting in increased population size of C.
canadensis and C. fiber (Halley and Rosell 2002, Baker and Hill 2003). As a wetland
ecosystem engineer, C. canadensis alters their environments through direct foraging and
the impoundment of small streams to generate ponds (Bryzyski and Schulte 2009,
Peinetti et al. 2009, Hood 2012, Rossell Jr et al. 2013). The ecosystem engineering roles
4

of C. canadensis have a positive effect on a plethora of other aquatic and semi-aquatic
taxa, such as aquatic invertebrates, amphibians, fish, birds, and other mammals (StoffynEgli and Willison 2011, Mott et al. 2013, Petro 2013, Thompson et al. 2016). Amphibians
are of special ecological concern due to rapid population declines resulting from global
climate change, habitat destruction, and disease. Beaver wetlands have been shown to be
refugia and breeding sites for many amphibians and increase connectivity between
breeding sites (Hood and Larson 2015, Hossack et al. 2015). Water impounded by C.
canadensis results in reduced turbidity and increased mortality of upland xeric plant
species which in turn alters geochemical pathways by shifting element storage from
forest vegetation to soils allowing for an increase in nutrient levels and biodiversity
(Naiman et al. 1994).
Ecosystem engineering behavior of Castor canadensis is often viewed as a
nuisance economically where damage exceeds stakeholder levels of acceptance (Shwiff
et al. 2011). Castor canadensis has been introduced to Tierra del Fuego in southern
Argentina to initiate a fur trade (Pietrek and González-Roglich 2015). Several C.
canadensis populations have been translocated throughout Europe to supplement ongoing reintroduction programs of C. fiber before it was known that C. canadensis and C.
fiber were separate species (Baker and Hill 2003, Parker et al. 2012, Pietrek and
González-Roglich 2015). As with many other ecological introductions, the initial benefits
were quickly overshadowed by numerous negative economic and ecological impacts. In
the native range of C. canadensis, engineering behavior can potentially result in negative
human-wildlife interactions. Economic impact on timber harvests in Mississippi alone
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accounted for approximately 2-7 million US dollars of lost revenue annually (Shwiff et
al. 2011).
Examining ecological phenomena across a variety of spatial and organizational
scales are imperative to improving knowledge of niche theory and developing effective
management strategies. Castor canadensis is a model species to examine multi-scale
effects of ecological phenomena as it occurs in numerous habitat types across a broad
spatial extent, substantially alters its immediate environment, and exhibits strict
organizational hierarchies. The ecosystem engineering behavior of C. canadensis
potentially has severe impacts on local biodiversity and economically valuable resources.
The potential impact on niche theory from increased understanding of C. canadensis
niche is substantial because this species has traditionally been viewed as having a large
niche breadth in several critical niche aspects. Yet, sparse data are available to suggest
whether these patterns are consistent across spatial and organizational scales. Increased
understanding of C. canadensis niche will allow for more efficient management plans to
focus on maximizing the beneficial biodiversity consequences of C. canadensis
ecosystem engineering and reducing negative human-wildlife interactions.

6

CHAPTER II
MODELING HIERARCHICAL LANDSCAPE EFFECTS ON THE HABITAT
DISTRIBUTION OF CASTOR CANADENSIS.
2.1

Introduction
A central facet of the realized niche is the use of environments, specifically the

use of habitat (Johnson 1980, Hirzel and Le Lay 2008). The definition of habitat is
contentious and herein is defined as the area an organism occupies that includes a
combination of abiotic and biotic factors to meet its biological needs (Daubenmire 1968,
Hall et al. 1997). Habitat selection is measured by the proportion of “used” habitat to the
proportion of “available” habitat (Johnson 1980). A common metric of habitat occupancy
is habitat suitability or the likelihood of an organism occurring in a specific location at a
specific time (Hirzel et al. 2002).
Habitat selection, like many other ecological patterns, is often scale dependent,
and regularly varies spatially and temporally (Wiens et al. 1986, Levin 1992, Guisan et
al. 2005). The most effective scale to observe a natural phenomenon is determined by the
goals and specific system under study. For example, the pattern of habitat selection by the
Grey Long Eared Bat (Plecotus austriacus) changed across spatial scales. Winter
temperatures and summer precipitation explained habitat selection at a course spatial
scale (1 km2); however, unimproved grass fields explained habitat selection at a finer
scale (100m2) (Razgour et al. 2011). Survival of Capercallie (Tetrao urogallus) is
7

dependant on the selection of agricultural habitats which vary temporally in their resource
avialbility (Graf et al. 2005). Studies explicitly involving spatial scales have been
particularly important to understanding fine scale habitat selection and often results in
more efficient management strategies (Chave 2013).
Scale can have a drastic effect on hierarchical habitat selection, but the
differences in scales must be ecologically relevant (Allen and Hoekstra 1990). Johnson
(1980) defined 4 orders, or scales, of resource or habitat selection that are ecologically
relevant to many wildlife studies. Those orders range from the entire species distribution
at order 1 to the positioning of home ranges in the landscape at order 2, to the selection of
patches within home ranges at order 3, and to the actual procurement of resources within
an individual’s home range at order 4. I examined the difference in Castor canadensis
habitat selection between coarse and fine scales. The coarse scale (hereafter landscape) is
closely related to Johnson’s second order of selection. The fine scale is similar to
Johnson’s third order of selection. Habitat selection studies can be utilized to generate
predictive habitat suitability models (Phillips et al. 2006).
Habitat suitability models predict the likelihood of an organism occurring at a
specific location at a specific time, and are a quantitative measure of an organismal
spatial niche (Hirzel and Le Lay 2008). Habitat suitability models are generated using
two types of data, presence-absence and presence-only (Elith et al. 2011). Poor or over fit
models can result from data collection biases such as inclusion or exclusion of critical
environmental variables (Hirzel et al. 2006). Poor or over fit models often reduce the
power to describe and predict an ecological phenomenon (Warren and Seifert 2011,
Bradley et al. 2012). Care must be taken when selecting environmental variables and
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methods of data collection to assure that variables have ecological relevance to the
organism under examination and meet the goals of the investigation.
Habitat suitability models offer a great deal of power as an explanatory tool for
the effects of ecological variables on habitat selection, and they are utilized as a
predictive tool to identify areas of the fundamental spatial niche (South et al. 2000,
Guisan et al. 2005, Hirzel et al. 2006, Cianfrani et al. 2013). The proliferation of
presence-only habitat suitability models is mainly due to their equitable predictive power
of suitable habitats and ease of data collection when compared to models requiring
presence-absence data (Hirzel et al. 2006, Elith et al. 2011). One commonly used
presence-only modeling technique is Maximum Entropy or Maxent.
Maxent is a commonly used presence-only modeling technique to examine habitat
suitability (Phillips et al. 2006). Unlike many models which require both presence and
absence data, Maxent generates “pseudo-absence” locations to calculate the relative
prevalence of a species at a specific location and time (Phillips et al. 2006, Elith et al.
2011). The ability of Maxent to accurately describe and extrapolate from presence-only
locations depends greatly on sampling scale, sampling effort, and the number of
ecosystem variables incorporated into the model (Guisan et al. 2005, Elith et al. 2011,
Warren and Seifert 2011). Maxent has been shown to out preform many other presence
only habitat suitability models in its ability to generate accurate predictions of habitat
suitability for a variety of plant and animal taxa (Hirzel et al. 2006).
The habitat selection and suitability of C. fiber have been extensively studied
during their reintroduction throughout Europe, beginning in the mid-late 20th century
(Halley and Rosell 2002, Hyvonen and Nummi 2008). Abiotic factors (such as river
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depth, river flow, tortuosity, and aspect of river banks) and vegetation cover of riparian
areas have shown to affect C. fiber recolonization (Hartman 1996, South et al. 2000,
Pinto et al. 2009). Pinto et al. (2009) found the abiotic factors affecting habitat selection
of C. fiber were similar when comparing populations at carrying capacity with
populations that had recently recolonized novel areas. It has also been shown that C. fiber
selected willow dominated communities compared to other riparian vegetative
communities when examined at a landscape scale; yet when examined at a home range
scale hardwoods or ash-alder vegetative communities were selected when locally
abundant (John and Kostkan 2009). These two examples suggest C. fiber shows
variability in habitat selection at different spatial scales.
Unlike C. fiber, few studies have investigated C. canadensis habitat selection
using contemporary modeling techniques. Pearl et al. (2015) estimated the spatial (from
east to west) and between-year variation in the occupancy probabilities of C. canadensis
impoundments in the upper Deschutes and Klamath basins in Oregon, USA using the
interpretation of aerial photos. However, these authors did not examine the effects of
landscape variables on the occupancy probability. Beier and Barrett (1987) found that
stream gradient, stream depth, and stream width influenced the occurrence and
abandonment of C. canadensis colonies more than food availability in the stream habitat
of the Truckee River basin in California, USA. Many of the habitat suitability indices that
have been developed for C. canadensis occur at a coarse spatial scale (Allen et al. 1983).
Previous studies of habitat selection and habitat suitability of C. canadensis have not
examined habitat selection at fine spatial scales or across different spatial scales (Allen et
al. 1983, Beier and Barrett 1987, Pearl et al. 2015). Expanding knowledge of habitat
10

selection and its effect on an organism’s niche at multiple biologically relevant scales
will bolster both our comprehension of the fundamental and realized niche and how these
facets of the niche are linked in C. canadensis.
Habitat suitability of C. canadensis has been linked with ecotones of aquatic and
terrestrial habitat. If previously observed patterns of C. canadensis association with
aquatic-terrestrial ecotones are correct, then I hypothesize that habitat selection of C.
canadensis will be positively correlated to edge densities of woody wetland, shrub, open
water, and emergent herbaceous wetland at the landscape scale (hypothesis I). Variables
explaining habitat selection for many taxa have been found to be inconsistent when
patterns of habitat selection are examined across multiple spatial scales. If the
environmental variables affecting habitat selection in C. fiber and many other taxa were
inconsistent at multiple spatial scales, then I hypothesize that the environmental variables
dictating habitat selection of C. canadensis at the landscape scale and fine scale will be
inconsistent (hypothesis II).
2.2
2.2.1

Methods
Study Area
I conducted the study at Redstone Arsenal, a 15,429 ha military installment

managed by the Department of Defense, located in Madison County, Alabama, USA
(34°39'00"N 86°37'52"W; Fig A.1). My study sites were located across Redstone Arsenal
and had varying land uses, such as explosive operations, explosive testing, ammunition
storage, and wildlife refuge. Redstone Arsenal was bordered by the city of Huntsville to
the North and East, Madison County to the west, and the Tennessee River to the south.
Average annual temps ranged from 5.2 C° in January to 27 C° in July, with an overall
11

annual average of 16.7 C°. Average annual precipitation was 138cm (Huntsville-Decatur
International Airport weather station). Data were collected at 11 active C. canadensis
sites spread across Redstone Arsenal, though several sites may have been utilized by the
same colony.
2.2.2

GPS and Telemetry Data Collection
I captured C. canadensis using Hancock live traps weighing 13.2 kg with

dimensions of 71 × 91 × 10 cm (Hancock Trap, Custer, SD, USA). Traps were baited
with scent and/or food lures (Backbreaker or Woodchipper, Dobbins’ Products,
Goldsboro, NC, USA). Trapping was conducted daily with traps being set at 1500h and
checked by 0900h. Trapped C. canadensis were weighed to the nearest 0.1kg using an
electronic scale (Berkley, Inc., Spirit Lake, IA, USA). Age was determined by body mass
(<1yr = <11kg; yearling [1yr] = 11-16kg; sub-adult [1-2yr] = 16-19kg; adult [>2yr] >19
kg) (McTaggart 2002). Ten GPS/VHF transmitters (Advanced Telemetry Systems, Inc.,
Isanti, MN, USA) were mounted (2 at 5 separate wetlands) on the tail of captured adult
C. canadensis.
Animals with GPS units were checked weekly for activity and considered active if
the VHF tag attached to their GPS unit was operating properly. Tags emitting a mortality
signal were located and recovered. GPS units were calibrated to record a location every
15 minutes over a 12-hour period from 1800h to 600h. The battery lifetime for each GPS
unit was estimated at 30 days. All study methods were approved by the Institutional
Animal Use and Care Committee of the United States Department of Agriculture Animal
and Plant Health Inspection Service Wildlife Services National Wildlife Research Center
(Protocol # QA-2436).
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2.2.3

Species Presence Locations
In addition to telemetry locations, I documented C. canadensis presence locations

during 2 periods, March 2015 to August 2015 and February 2016. Presence locations
were recorded based on several common C. canadensis markings, structures, and capture
locations. Markings and structures included dams, lodges, feeding stations, foraging
locations, and castor mounds. All presence locations were recorded using a handheld
GPS unit (Garmin E-Trex 10, Garmin, Olathe, KS, USA). Location data were recorded in
World Geodetic System 1984 (WGS 84) and projected in the Universal Transverse
Mercator Zone 16 N.
Main lodge locations for GPS/VHF tagged animals were determined via VHF
telemetry triangulation between the hours of 600h and 1600h by taking no less than 3
bearings separated by at least 60 to 120 degrees. Estimated locations and error ellipses
were found by entering bearings and observer’s locations into the program Locate III
(Nams 2005). Secondary lodges were found opportunistically and recorded. Foraging
locations were recorded by separating each C. canadensis wetland into quadrants
centered on the primary lodge. Quadrants were not equal in size as wetlands varied in
linearity, topography, and primary lodge location within territory. Beginning at the lodge
and extending outward, I located and recorded 15 to 20 feeding locations where all
browsed woody vegetation greater than 1 cm diameter within a 2 m radius was identified
to genus or species. The diameter of each trunk was measured at 30 cm or the highest
point below signs of foraging activity. All forage locations were documented over a
consecutive 1-3 day period for each wetland. Search times in each quadrant varied due to
the difficulty of terrain and propensity of feeding locations. Major dams were recorded
13

for each wetland. Freshly marked castor mounds were recorded. Freshness was
determined by smelling the top of the mound for fresh castor applications. Feeding
stations were defined as locations where C. canadensis consumed stems, and were
characterized by a pile of freshly processed sticks and shavings. Feeding stations
typically occurred on a slightly raised hump of land or a large submerged log.
2.2.4

Preparation of Environmental Variables
Land cover data were obtained from the National Land Cover Database 2011

with a resolution of 30 m2 per cell (Homer et al. 2015). These data were then reclassified
and clipped to the extent of Redstone Arsenal in ArcMap 10.3 (ESRI, Redlands, CA,
USA). The ten classifications used in this study were grass (NLCD class71,72),
developed (NLCD class 21, 22, 23, 24, 31), deciduous forest (NLCD class 41), evergreen
forest (NLCD class 42), mixed forest (NLCD class 43), shrub (NLCD class 51, 52),
cultivated crops (NLCD class 82), woody wetlands (NLCD class 90), and emergent
herbaceous wetlands (NLCD class 95) (Homer et al. 2015). The resulting raster data were
separated by landscape cover type using the Booleanisator tool in the Biomapper
software package (Hirzel et al. 2002). Edge density and relative frequency (0-1) of
occurrence for each land cover type were generated using program Circular Analysis
within Biomapper. The exact minimum distance was measured from one cell to the
nearest cell of a land cover type in program Distance Analysis (Hirzel et al. 2002). A
principle component analysis was performed on the environmental layers of boarder
density, frequency of occurrence, and minimum distance for each land cover type in R to
lessen the effects of multi-collinearity between land cover variables (R Core Team 2016).
14

2.2.5

Landscape Scale Habitat Suitability Modeling
I used 334 presence locations (180 foraging location, 12 feeding stations, 4 dams,

10 lodges, 19 castor mounds, and 109 trapping locations) in the habitat suitability
modeling with Maxent. To avoid pseudoreplication, we parameterized Maxent to remove
duplicate presence points as well as points that were within 30 m of any other presence
points (Razgour et al. 2011).
I first built a predictive habitat suitability model to generate a habitat suitability
index map of my study area. The predictive habitat suitability model (hereafter predictive
model) was aimed to maximize the predictive power with 15 principle components of
landscape variables. Maxent randomly generates 10,000 pseudo-absence locations from
background (non-presence location cells). Pseudo-absence locations were then combined
with part of presence locations to form “training locations” to train Maxent models. The
remaining presence locations were used as “validation locations” to estimate the
predictive accuracy of the model. Training and validation locations were randomly
chosen by Maxent at a ratio specified by the user. I assigned 80% of my total locations
(218 of the 334 total locations) as training data with 20% (116 of the 334 total locations)
of my locations as validation locations.
To test the hypothesis I, I built Maxent models with the original 30 landscape
variables using the R package MaxentVariableSelection (MVS) (Jueterbock et al. 2016).
The function VariableSelection within MVS uses corrected Akaike information criterion
(AICc) to select the most parsimonious model. VariableSelection selects a subset of
landscape variables which minimize the AICc value (Jueterbock et al. 2016). To avoid
overfitting, the function VariableSelection uses LASSO, a regularization technique, to
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shrink the coefficient of least influential covariates to zero (Merow et al. 2013,
Jueterbock et al. 2016). VariableSelection removes a variable, of which the percent
contribution to the explanation of the deviance of the Maxent model is below a cut-off
percentange (Jueterbock et al. 2016). I performed my model selection at 5% cutt-off
values. VariableSelection also removes 1 of 2 correlated variables, which has less percent
contribution to the explanation of the model deviance. My analyses were performed at a
threshold of Pearson correlation > 0.7 or < -0.7 to remove one of two correlated
covariates. The resulting model was aimed to infer landscape variables determining
habitat selection at the landscape scale (hereafter inferential model).
2.2.6

Cross-Validation of Maxent Habitat Suitability Models
I used the area under the curve (AUC) of receiver operating characteristics (ROC)

and continuous Boyce index (CBI) to validate the Maxent models (Hilden 1991, Boyce et
al. 2002, Liu et al. 2011). The AUC was produced from the 20% test data. Index AUC
ranges from 0 to 1. The AUC value of 0.5 indicates the predictive performance of a
random model, whereas the AUC of 1.0 suggests a perfect predictive accuracy of the
tested model (Liu et al. 2011).
The CBI is a Spearman correlation between the predicted-to-expected (P/E) ratio
of the habitat suitability value and mean Habitat Suitability Index (HSI), within a moving
window over the HSI range (Boyce et al. 2002, Hirzel et al. 2006). The CBI ranges from
-1 to 1, with 0 being equivalent to random predictions and a negative value indicating an
incorrect model (Hirzel et al. 2006). The CBI was evaluated with five sets of GPS
locations of free-ranging C. canadensis separately. Average CBI was computed over the
five individual evaluations.
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Although my presence locations were not randomly sampled as is desired for
habitat suitability or ecological niche modeling studies (Elith et al. 2011, Renner et al.
2015), GPS locations from five free-ranging C. canadensis can be assumed to be
generated by a spatial stochastic process (Cagnacci et al. 2010). I used the crossvalidation test with the GPS locations, independent of the training locations, to test the
representativeness of my presence locations for C. canadensis space use.
2.2.7

Fine Scale Habitat Selection
To test the hypothesis II, I built Resource Selection Functions (RSF) for the five

GPS tracked C. canadensis. I estimated 100% minimum convex polygon (MCP) home
ranges with the R package adehabitatHR (Calenge 2006). The GPS locations within
100% MCP home ranges represent the habitat use. I randomly sampled the same number
of locations without replacement within MCPs to represent available habitat (Boyce and
McDonald 1999, Lele and Keim 2006). I then used generalized linear mixed models
(GLMMs) to determine landscape variables influencing fine scale habitat selection by C.
canadensis with animal identification number (ID) as random effects following Steyaert
et al. (2015). I only used landscape variables selected by landscape scale inferential
Maxent models to build individual RSFs, with one of two highly correlated landscape
variables (Pearson’s correlation > 0.7) being included in an RSF (Merow et al. 2013). I
used Akaike information criterion (AIC) to select most parsimonious RSF for the five
GPS tracked animals, with the lowest AIC representing the most parsimonious model
(Burnham and Anderson 2002). A model of < 2.0 ΔAIC is considered a competing
model. I conducted model selection in a forward stepwise fashion. I also fit generalized
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additive mixed models (GAMMs) to the GPS locations with animal ID as random effects
to demonstrate nonlinear effects of the landscape variables selected by GLMMs.
2.3

Results
Of the 10 GPS units deployed, seven were recovered, five yielded data for

analyses. The PCA resulted in 15 principle components (PCs), which accounted for 90%
of total variability in the original 30 landscape variables. My predictive model had
excellent accuracy with the AUC value of 0.97. The CBI was 0.97 in the validation test
using the 607 GPS locations of five C. canadensis individuals. Average CBI was 0.84
(standard deviation [SD] =0.03) over five separate tests using the GPS locations of
individual C. canadensis. The GPS locations are independent of the training data and can
be used to validate predictive power of my predictive model. The similarity in CBI and
AUC indicated a “good” to “excellent” predictive power. The predictive model showed
the suitable habitat of C. canadensis was highly discontinuous and fragmented (Fig. 2.1).
The excellent performance of predictive accuracy for independent GPS locations
suggested that my Maxent models were robust and that my presence locations had
sufficiently represented C. canadensis space use.
A series of tests averaged across 10 Maxent models showed that regularization
parameter (β multiplier) of 2.0 had the lowest AICc (Fig. 2.2). Subsequent model
selection set β multiplier to 2.0. Model selection for the best inferential Maxent model
showed that open water edge density, shrub edge density, woody wetland edge density,
and grassland frequency dictated habitat selection (Table 2.1). Variable response curves
demonstrated nonlinear effects of the four landscape variables on the habitat suitability of
C. canadensis (Fig. 2.3).
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Generalized linear mixed models showed that water edge density, shrub edge
density, and woody wetland edge density affected fine scale habitat selection of C.
canadensis (Table 2.2). Generalized additive mixed models demonstrated the nonlinear
effects of woody wetland edge density (Fig. 2.4a) and shrub edge density (Fig. 2.4b) but
linear effects of open water edge density (Fig. 2.4 c) on the habitat suitability of C.
canadensis at the fine scale.
2.4

Discussion
Organisms often exhibit hierarchical habitat use, depending on different

ecological variables and landscape structures at different spatial scales (Boyce 2006,
Comfort et al. 2016). Habitat selection is a crucial dimension of an organism’s ecological
niche (Hirzel and Le Lay 2008). Castor canadensis and C. fiber have been described as a
generalist, being able to persist in a variety of habitats (Hartman 1996). As ecosystem
engineers, C. canadensis directly alters the habitat, resulting in an increase of ecotones
between aquatic and terrestrial habitat (Johnston and Naiman 1990, Townsend and Butler
1996, Wright et al. 2002).
In temperate aquatic-terrrestrial ecotones, C. canadensis space use is highly
specialized in aquatic or semi-aquatic habitat (Wright et al. 2002, Pinto et al. 2009). My
results supported the hypothesis I that the amount of shrub edge and woody wetland edge
enhanced habitat selection by C. canadensis at the landscape scale. Contrary to
hypothesis I, the observed space use of C. canadensis was inversely related to edge
amount of open water and was not related to any facet of herbaceous wetland.
Furthermore, my results contradicted hypothesis II that the environmental variables
dictating habitat selection at the landscape and fine scale would be inconsistent for C.
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canadensis. Therefore, specialization to semi-aquatic habitat may unify habitat selection
of C. canadensis across landscape and fine spatial scales.
Availability and spatial distribution of food resources may influence habitat
selection by semiaquatic herbivores (Campbell et al. 2005, Corriale and Herrera 2014).
Fifty-four percent of my presence locations were woody forage signs; thus, the space use
pattern I observed may reflect foraging habitat more than other types of habitat use (e.g.,
lodging and damming). Nevertheless, the GPS locations of free-ranging C. canadensis
included space use for foraging as well as other behaviors. The model’s fit to the
presence location and GPS locations of free-ranging C. canadensis were rather consistent
(Figs 2.3-2.4). The observed space use patterns adequately encompassed multiple facets
of habitat use. The positive relationships between observed space use and the density of
shrub and woody wetland edge may result from C. canadensis selecting space with
abundant woody food plants.
Among 180 feeding signs, 59.4% of them were from deciduous trees Acer
rubrum, Liquidambar styraciflua, and Nyssa spp, and 0.07% were from Ligustrum
sinense and Cephalanthus occidentalis, the only documented shrub species upon which
C. canadensis foraged on Redstone Arsenal. Many diagonally cut stems of C.
occidentalis were below the 1 cm in diameter threshold, but C. canadensis were often
seen feeding in stands of C. occidentalis (Francis R.A, observation). Those deciduous
tree and shrub species commonly occur in bottomland hardwood forest of Redstone
Arsenal. Castor canadensis has been shown to feed on a variety of terrestrial, emergent,
and aquatic non-woody vegetation. An exhaustive list of all forage species is still
unavailable and would vary between regions (Gallant et al. 2004). It has been shown the
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amount of aquatic plants in the diet of both C. fiber and C. canadensis varies with forage
availability and latitude (Krojerová‐Prokešová et al. 2010, Milligan and Humphries
2010). The under-representation of herbaceous wetlands in my data may be an artifact of
sampling technique as well as the limited temporal scale of our fine scale GPS analyses.
Our habitat selection model supported the avoidance of both coniferous and mixed pinehardwood landscapes (Table 2.1), which is consistent with many other studies of habitat
selection in C. canadensis (Roberts 1981, Gallant et al. 2004). Inverse relationships
between predicted occurrence and the density of water edge fetter C. canadensis to
specific ecotones between aquatic and terrestrial habitats (Donkor and Fryxell 1999, John
and Kostkan 2009). These results are not taxon specific, as selection for edge habitat has
shown to be scale dependent in the Northern Spotted Owl (Strix occidentalis caurina)
(Comfort et al. 2016). The space use pattern of C. canadensis can be directly associated
with food resources, especially at the limited temporal scale of this study.
Hierarchical or scale-dependent habitat selection has become a theoretic
foundation of animal habitat selection (Johnson 1980, Boyce 2006). Nevertheless, I found
two lines of evidence for scale independent effects of landscape structure on C.
canadensis habitat selection. First, the fine scale spatial distribution of the GPS locations
was correlated with mean suitability indices predicted by landscape-level Maxent models
(Speakman correlation index or CBI = 0.87). Second, my GLMMs fit to the GPS
locations of 5 free-ranging C. canadensis approximates the within-home-range availableuse approach to fine scale habitat selection. Three of four landscape variables influencing
landscape-level space use have similar effects on the fine scale habitat selection by C.
canadensis (Figs 2.3-2.4). Therefore, I conclude that high specialization in bottom land
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hardwood forests and wetlands may result in scale-independent effects on habitat
selection by C. canadensis at approximates of Johnson (1980) second and third orders of
selection.
Movement theory often suggests that fine scale habitat selection and dispersal
should be directly correlated especially in a central place forager (Nathan et al. 2008).
Land cover type affects energy expenditure of organismal movement (McRae 2006).
Nathan et al. (2008) suggest movements that minimize energy expenditure, regardless of
distance traveled, are advantageous across spatial scales. Resource acquisition of C.
canadensis requires movement from a central location to the desired resource (Orians and
Pearson 1979). Movements from the central location often involve moving through
several different habitats especially in highly heterogeneous areas. To maximize net gain
to the organism, a balance must occur between the cost of travel to a resource and gross
gain from a resource (Patenaude-Monette et al. 2014). In central place foragers, such as
C. canadensis, maximizing gain results in the selection of habitat variables that lessen
overall energy expenditure at a fine spatial scale (Ydenberg and Davies 2010).
Dispersal of an organism from its natal area is paramount if intraspecific
competition with conspecifics is to be avoided. Consequently, dispersal often incurs
serious energetic costs (Bonte et al. 2012). To reduce many potential dangers and
energetic consequences associated with dispersal, C. canadensis should select habitats
with the least resistance (McRae et al. 2008). Castor canadensis has been shown to
disperse mainly through aquatic environments and typically downstream from natal
colonies (Sun et al. 2000). My results show that C. canadensis has specialized in aquatic
environments with short sorties into/across terrestrial habitats. Regardless of movements
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within the home range or long distance dispersal, the patterns of habitat specialization on
aquatic habitats result in an adherence to aquatic movement paths in C. canadensis.
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Table 2.1

Model selection process of the inferential Maxent models using corrected
Akaike Information Criterion and relative contribution (contr > 5.0%) and
correlation (|corr| <0.7) of landscape variables.

Test
% contr Corr % contr Corr % contr Corr % contr Corr
Model
1
1
2
2
3
3
4
4
Β multiplier 2.00
2.00 2.00
2.00 2.00
2.00 2.00
2.00
Cropbd
0.10
NA
NA
NA
NA
NA
NA
NA
Cropdist
2.39
NA
NA
NA
NA
NA
NA
NA
Cropfq
0.08
NA
NA
NA
NA
NA
NA
NA
Hwbd
0.21
NA
NA
NA
NA
NA
NA
NA
Hwdist
0.14
NA
NA
NA
NA
NA
NA
NA
Hwfq
0.33
NA
NA
NA
NA
NA
NA
NA
Devbd
0.24
NA
NA
NA
NA
NA
NA
NA
Devdist
1.28
NA
NA
NA
NA
NA
NA
NA
Devfq
0.10
NA
NA
NA
NA
NA
NA
NA
Pinebd
1.16
NA
NA
NA
NA
NA
NA
NA
Pinedist
4.17
NA
NA
NA
NA
NA
NA
NA
Pinefq
0.02
NA
NA
NA
NA
NA
NA
NA
Grassbd
0.05
NA
NA
NA
NA
NA
NA
NA
Grassdist
0.37
NA
NA
NA
NA
NA
NA
NA
Grassfq
6.18
-0.19 8.50
-0.19 8.03
0.07 7.86
1.00
Hwetbd
0.02
NA
NA
NA
NA
NA
NA
NA
Hwetdist
0.68
NA
NA
NA
NA
NA
NA
NA
Hwetfq
0.00
NA
NA
NA
NA
NA
NA
NA
Mixedbd
0.11
NA
NA
NA
NA
NA
NA
NA
Mixeddist
1.79
NA
NA
NA
NA
NA
NA
NA
Mixedfq
0.00
NA
NA
NA
NA
NA
NA
NA
Waterbd
20.96
0.42 27.41
1.00 27.41
-0.02 27.66
-0.19
Waterdist
2.10
NA
NA
NA
NA
NA
NA
NA
Waterfq
3.69
NA
NA
NA
NA
NA
NA
NA
Shrubbd
7.72
0.07 12.08
-0.02 11.95
1.00 12.66
0.07
Shrubdist
0.27
NA
NA
NA
NA
NA
NA
NA
Shrubfq
2.64
NA
NA
NA
NA
NA
NA
NA
Wwetbd
24.57
1.00 52.01
0.42 52.60
0.07 51.82
-0.19
Wwetdist
3.27
NA
NA
NA
NA
NA
NA
NA
Wwetfq
15.36
0.70 NA
NA
NA
NA
NA
NA
Model 1 is the initial run of the predictive Maxent model with 30 landscape variables.
Model 2 is the Maxent run excluded the variables with contribution < 5.0 % to Model 1
and removal of correlated variables at a Pearson’s correlation > 0.7 or < -0.7. Models 3
and 4 resulted in the same variables as Model 2.
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Table 2.2

Model selection using Akaike Information Criteria for the effects of woody
wetland edge density (wwetbd), shrub edge density (shrubbd), water edge
density (waterbd), and grassland frequency (grassfq) on the habitat
suitability of Castor canadensis in Redstone Arsenal, Northern Alabama,
USA.

Model
y~wwetbd+shrubbd
y~wwetbd+shrubbd+waterbd
y~waterbd+shrubbd+grassfq+wwetbd
The top 3 of 15 models were presented.

Figure 2.1

AIC
1432.84
1422.61
1424.14

ΔAIC
10.23
0
1.53

Habitat suitability map of Castor canadensis in Redstone Arsenal,
Alabama, USA.

The x axis is the easting coordinate and the y axis is the northing coordinate of the
Universal Transverse Mercator (UTM) Zone 16 North projection. Habitat suitability
index ranges from 0 to 1 as shown in the vertical legend with values closer to 1
representing more suitable habitat.
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Figure 2.2

Test for the optimized value of regularization parameter (betamultipler) to
be used in the inferential Maxent model.

Each beta-multiplier started with 30 variables and was simplified in a stepwise fashion by
removing those variables with low contribution-scores (< 5%) and high correlation with
other variables (correlation coefficients > 0.7 or < -0.7). The number of variables in each
model is encoded by both the color and size of dots. The models of highest performance
(lowest AICc) is marked in red.
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Figure 2.3

Response curves of the predicted occurrence likelihood of grassland
frequency (gassfq), water edge density (waterbd), shrub edge density
(shrubbd), and woody wetland edge density (wwetbd) in the predictive
Maxent model for the habitat suitability of Castor canadensis.

Each curve represents how the predicted likelihood of habitat suitability changes with
increased value of a landscape variables while the other landscape variables are held at
averages.
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Figure 2.4

Results of the Generalized Additive Mixed Model examining the effects of
(a) woody wetland edge density, (b) shrub edge density, and (c) water edge
density on fine scale habitat selection by Castor canadensis in Redstone
Arsenal, Alabama, USA.

Woody wetland edge density and shrub edge density exhibit nonlinear responses, while
water edge density shows an inverse linear response.
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CHAPTER III
INDIVIDUAL TROPHIC NICHE SPECIALIZATION OF CASTOR CANADENSIS.
3.1

Introduction
Niche width is the sum of biotic and abiotic factors required to satisfy a biological

need (Van Valen 1965). The Hutchinsonian niche describes only the niche width of
populations and represents the sum of all individual niche widths within a population
(Vandermeer 1972). Population niche widths often mask individual niche width variation
(Roughgarden 1974). The Variable Niche Hypothesis considers individual niche width
variation which maintains genetic variability required for evolution (Van Valen 1965).
Many different taxa have been shown to exhibit variability in individual niche use
(Roughgarden 1974, Bolnick et al. 2003).
Organisms exhibiting a broad niche width are often classified as generalists,
whereas those with a narrow niche width are often classified as specialists. But these
terms are vague and can often be misleading (Futuyma and Moreno 1988). The scale of
ecological organization at which the niche width is examined can mask patterns of
resource use at a scale lower than populations and has drastic implications on the
evolutionary and management trajectory of a population (Van Valen 1965, Roughgarden
1972, Cabeza et al. 2010).
Niche width is determined by a variety of biotic and abiotic factors including, but
not limited to, interspecific competition, intraspecific competition, and the pattern of
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resource availability (Van Valen 1965, MacArthur and Pianka 1966, Devictor et al.
2008). Intraspecific resource competition has been shown to promote differentiation of
resource use between individuals (Roughgarden 1974). Individual niche specialization
refers to the phenomenon that the niche width of an individual will be narrower than the
population niche width (Bolnick et al. 2003). For example, with stronger intraspecific
competition, the individual realized niche may become narrower. Each individual is
utilizing a subset of the entire population niche, yet the population niche width will
remain constant or even expand. Ecological polymorphism and individual niche
specialization may promote adaptation in variable environments (Cabeza et al. 2010,
Wolf and Weissing 2012). Individual niche specialization has been documented
extensively in many populations, but not until recently has individual niche specialization
been considered in management strategies (Roughgarden 1972, Bolnick et al. 2011).
Niche is an abstract concept, as such quantification of niche is imperative for
multi-scale examination (Devictor et al. 2010). Total Niche Width (TNW) is a measure of
the number of resources consumed by a population or species, which satisfy a specific
biological need. The Within Individual Component (WIC) of TNW represents the total
number of different resources utilized by a typical individual, while TNW can apply to
other organizational scales. (Bolnick et al. 2002). Contrastively, the Between Individual
Component (BIC) represents the difference in resource utilization between individuals
within a population (Bolnick et al. 2003). Between Location Component (BLC) explains
the variation of the niche between geographic locations and is required if geographically
separate individuals are being compared. Examinations of individual niche specialization
require comparing the proportion of variation of TNW explained by WIC and BIC,
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respectively (Bolnick et al. 2003). If a population is composed of individuals that utilze a
wide variety of resources, then the TNW will have a greater proportion of variance
explained by WIC than by BIC. Conversely, if TNW is composed of individuals that
utilize a narrower subset of all resources available, then a greater proportion of the total
variance is explained by BIC than by WIC (Bolnick et al. 2003). The latter indicates
individual niche specialization. Bolnick et al. (2003) compiled evidence of the occurrence
of individual niche specialization for 98 species. Observed proportions of betweenindividual niche variation ranged from 0.0–0.625 in 18 species (Bolnick et al. 2003).
The trophic niche is an important component of an organismal niche and often is
the topic of within-population niche variation studies (Bolnick et al. 2003, Araújo et al.
2011). Individual trophic niche specialization has been shown to reduce intraspecific
competition in a variety of taxa (Bolnick et al. 2003). Quantifying the trophic niche width
of an organism can be challenging, considering that food resources can vary spatially and
temporally. Yet, there are a variety of techniques to quantify selection of specific food
resources, such as direct observation of feeding activity, fecal analysis, stomach analysis,
and stable isotope analysis (Roberts 1981, Gallant et al. 2004, Phillips et al. 2005,
Robertson et al. 2015). Recently advances in stable isotope analysis have allowed for the
analysis of individual diets across temporal and spatial scales (Dalerum and Angerbjörn
2005).
Stable isotope analysis has been shown to have multifarious applications to many
sub-disciplines of science such as geochemistry, atmospheric science, anthropology, and
ecology (Fry 2006). Stable isotope analysis is possible because isotopes of various
elements (typically C13, N15, H3) are disproportionately used in chemical reactions due to
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their increased molecular weight (Gannes et al. 1998). In ecology, application of stable
isotope analysis is based on the concept of “you are what you eat,” or the molecular
building blocks of an organism’s tissue are a direct reflection of its assimilated diet
(DeNiro and Epstein 1976, DeNiro and Epstein 1978, Deniro and Epstein 1981). If food
resources contain statistically different isotopic ratios, tissue stable isotope values will
reflect these ratios. Substantially, different isotopic ratios in the same tissues from
separate organisms suggest that individuals are utilizing different food resources (Phillips
and Gregg 2003, Robertson et al. 2014). The main advantages of stable isotope analysis
include an ability to assess only food resources assimilated rather than those simply
ingested and measure temporal scales of niche variation by sampling tissues that grow at
a measurable rate (Deniro and Epstein 1981, Phillips and Eldridge 2006, Severud et al.
2013a).
Stable isotope analysis has been applied to studies of C. canadensis trophic niche.
The goal of previous studies has been reconstructing the general contribution of
terrestrial, emergent, and aquatic vegetation in the diet (Milligan and Humphries 2010),
or use of woody versus herbaceous food resources (Severud et al. 2013b). Castor
canadensis has traditionally been classified as a choosy generalist herbivore, consuming a
variety of woody and non-woody vegetation (Baker and Hill 2003, Severud et al. 2013a).
However, the underlying pattern of individual food resource use is unknown.
It is the goal of my study to examine the validity of classifying C. canadensis as a
choosy generalist across previously unexamined ecological scales of organization. If the
species classification of C. canadensis as a choosy generalist in relation to its trophic
niche is correct, then I hypothesize that different colonies of C. canadensis will show
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overlap in isotopic niche width as a result of the similar use of food resources (hypothesis
I). Secondly, if individual trophic niche specialization occurs within colonies during
times of limited food resource availability, then I hypothesize that a substantial
proportion of the variation in TNW will be attributed to the BIC (hypothesis II).
3.2

Methods

3.2.1

Study Area
Description of Study Area is available in Chapter II

3.2.2 Hair Sample Collection and Processing
I collected fur samples from a total of 32 deceased individual C. canadensis,
between March 2016 and August 2016. Samples came from 7 different C. canadensis
colonies across Redstone Arsenal: Easter Posey Wetland (EPW), Hale Road Wetland
(HRW), Hudson Area Recreation (HUD), Patton Road Pond (PRP), Thiokol Wetland
(TW), Blueberry Wetland (BB), and Igloo Pond Wetland (IPW) (Fig A.1). Hair types
collected were dorsal guard hair (hereafter guard hair), dorsal undercoat (hereafter
undercoat hair), and hind foot guard hairs (hereafter foot hair). Of the 32 total individuals
sampled, 16 had their rear foot (2 left, 14 right) removed at the ankle joint after the
animal was deceased; of those 16, 9 only had hair samples from the rear foot. Twentytwo dorsal guard hair samples were collected with 5 individuals having only guard hair
samples. Eighteen undercoat hair samples were collected with 1 individual having only
an undercoat hair sample. The total number of hair samples was 56, with 10 individuals
having both guard hair and undercoat hair, and 7 individuals having guard hair, undercoat
hair, and foot hair. Samples were stored at -20 °C, no later than 4 hours after collection.
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I washed the hair thoroughly in 98% pure ethanol to remove any lingering debris
or oils from the hair samples. I considered the samples clean after all of the samples had
sunk and inspection revealed no apparent debris particles, when examined under a
dissecting microscope. I then filtered my samples though inert glass filters to remove
excess ethanol. If visual inspection revealed lasting debris, debris was removed via
scrapping, and the sample was re-washing. Castor canadensis undergoes an annual molt
during late summer, with their hair growing continually throughout the year (Ling 1970).
Thus, C. canadensis hair closer to the follicle represents the most recent assimilation of
food resources (Darimont and Reimchen 2002). Foot and guard hair samples were then
cut 8-10 mm long, with measurements beginning at the follicle which was also removed.
Undercoat hair samples were inspected under a dissecting microscope for any remaining
debris, and any retained skin or debris was removed.
Samples were analyzed at University of Windsor (Windsor Ontario, Canada). The
samples were ground and packaged in 2.0 mg tin capsules. Analysis was performed in a
Delta V Advantage Mass Spectrometer (Thermo Scientific, Waltham, Massachusetts,
USA), coupled to a Costech 4010 Elemental Combustion system (Costtech Analytical
Inc., Valencia, California, USA) and a ConFlo IV gas interface (Thermos Scientific,
Waltham, Massachusetts, USA). Precision was assessed by the standard deviation of
replicate analyses of four standards (NIST1577c, internal lab standard (tilapia muscle),
USGS 40 and Urea (n=7 for all), and was measured ≤0.2‰ for δN15 and ≤0.09‰ for δC13
for all the standards. The accuracy, based on the certified values of USGS 40 (n=7)
analyzed throughout the analysis, showed a difference of 0.14‰ for δN15 and -0.02‰ for
δC13 from the certified value. Instrumentation accuracy was checked throughout the
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analysis based on NIST standards 8573, 8547 and 8574 for δN15 and 8542, 8573, 8574
for δC13 (n=10 for all). The mean differences from the certified values were -0.16, -0.03,
-0.04‰ for δN15 and -0.03, -0.05 and -0.09‰ for δC13 respectively.
3.2.3

Statistical Analyses
Tissue isotopic values can be severely affected if samples are derived from

separate tissues or locations from a single organism (DeNiro and Epstein 1978, Deniro
and Epstein 1981). To account for this potential bias, I conducted an ANOVA in R to
assess if the hair types significantly differed in δC13 or δN15 (R Core Team 2016). I used
the Shipiro.test function in R to test for the multivariate normality assumption for δC13
and δN15 total values (Jarek 2012, R Core Team 2016). I used the package SIBER in R,
which applies Bayesian techniques to infer the niche separation and niche width of user
defined groups (Jackson et al. 2011, R Core Team 2016). I defined groups by wetland
trapping locations. Only one hair sample per individual was used in the SIBER analysis
with guard hair being preferred over foot hair and foot hair being preferred over
undercoat hair. SIBER compares overlap of convex hulls to infer niche overlap between
the sampled wetlands. Convex hulls surround all data points and can only grow larger
with the addition of data. Overly large data sets have shown to over represent niche
overlap (Jackson et al. 2011).
I then applied a linear mixed-effect model to all fur samples (n = 56) with animal
individual identification (ID) and wetland ID as random effects for δC13 and δN15,
respectively. Individual IDs were nested within wetlands. I built 5 models, with the total
values of δC13 or δN15 as the dependent variable using the package lme4 in R (Bates et al.
2015, R Core Team 2016). Wetland groupings from the SIBER analysis were
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incorporated as a fixed and mixed effect, which reduce the effect of different resource
availability between wetlands. Model selection was performed using Akakie’s
Information Criterion, with the most parsimonious model having the lowest AIC
(Bozdogan 1987). The variances of WIC, BIC, and BLC were calculated as the variances
for residual, individual ID, and wetland ID, respectively, from the mixed models. Total
Niche Width (TNW) is the sum of the WIC, and BIC, and BLC variances (Bolnick et al.
2002). I used methodology outlined in Bolnick et al. (2002) to calculate the proportions
of the WIC, BIC, and BLC variances within TNW. The amount of variation considered
substantial to confirm the pattern of individual trophic niche variation is greater than 1020% of variation being attributed to BIC. These proportions are not strict and are further
strengthened when phenotypic or behavioral difference between individuals is observed
(Bolnick et al. 2003, Araújo et al. 2011).
3.3

Results
The Shapiro Wilk test revealed that the data were normally distributed

(W=0.95776, p=0.24). The results of the ANOVA revealed that isotopic value of either
δC13 (df= 2, 53, F=2.66, p=0.08) or δN15 (df= 2, 53, F=2.8, p=0.07) did not differ
significantly among guard, foot, and undercoat hair samples within an individual. The
SIBER output showed niche separation between wetlands (Fig 3.1). Both BB and IPW
had too few samples to run as an individual wetland in SIBER, and were thus combined
with the nearest wetland EPW approximately 2.5 and 1.4 km away, respectively. These
data were analyzed with and without the inclusion of IPW and BB, and the results did not
significantly change. Convex hull areas for wetlands are as follows: EPW = 1.458, HRW
= 1.061, HUD = 0.577, PRP = 1.421, and TW = 0.270 and represented the TNW for each
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wetland. Four of the 5 convex hulls overlapped with 2 or more other wetlands (Table 3.2,
Fig 3.1). The greatest amount of niche overlap was between EPW and PRP at 63.2%
percent of the convex hulls. Convex hulls of HRW overlapped only with PRP (Fig 3.1).
The mixed model with the lowest AIC included wetlands as a fixed effect,
wetland ID as a random effect, and individual ID nested within wetlands ID as a random
effect for both δC13 and δN15 (Table 3.3). WIC, BIC, and BLC variance of δC13 were
0.143, 0.123, and 0.416; WIC, BIC, and BLC variance of δN15 were 1.038, 0.297, and
1.998 (Table 3.4). The proportion of variance attributed to WIC, BIC, and BLC for δC13
were 0.344, 0.310, 0.346; and those for δN15 were 0.149, 0.520, and 0.332 (Table 3.4, Fig
3.2 A and B).
3.4

Discussion
Individual trophic niche specialization is a common phenomenon that has been

documented in a variety of taxa (Bolnick et al. 2003, Layman and Allgeier 2012). The
mechanism(s) that drives individual trophic niche specializations vary and can be
dependent on resources availability, demographic factors, and sociality (Robertson et al.
2014, Robertson et al. 2015). Castor canadensis thrives over its expansive range,
consuming a variety of both woody and non woody vegetation, but is not indiscriminate
in selection of food resources (Fryxell 1992, Severud et al. 2013b). As such, C.
canadensis has been defined as a choosy generalist at the species/ population scale
(Baker and Hill 2003).
My results show that colonies across the landscape do show some overlap in
trophic niche, but the overlap was not substantial in all but PRP and EPW (Fig 3.1, Table
3.2). The pairwise results of overlap between the convex hulls offer mild support for
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hypothesis I that at the colony scale the choosy generalist classification is correct. These
data support hypothesis II that within colonies of C. canadensis individual trophic niche
specialization does occur as seen by the substantial amount variation in both δC13 (0.31)
and δ N15 (0.52) of BIC (Fig 3.2 A and B, and Table 3.3).
Overlap between colonies of C. canadensis did occur. This overlap gives mild
credence to C. canadensis as a choosy generalist in their trophic niche. Four of the 5
wetlands overlapped with 2 or more wetlands, although only PRP and EPW overlapped
greater than 10% (Table 3.2). The HRW convex hull overlapped only with PRP (Fig 3.1).
Segregation of the HRW convex hull offers evidence that over small geographic
distances C. canadensis may utilize different food resources.
The results of the mixed model show the variation within, between, and among
colonies in both δC13 and δN15 (Table 3.3, Fig 3.2). The WIC explained 34.4% and 14.9
% of the total variation in trophic niche in δC13 and δN15, respectively. These values
represent the variation in a total number of food resources used by an individual. The BIC
explained 31% of the variation for δC13 and 52% of the variation for δN15. The BIC data
suggest that within colonies individuals are utilizing different resources to meet their
energetic needs. The final measure BLC represents the variation between colonies and
explains 34.6% and 33.2% of the variance in δC13 and δN15, respectively. The addition of
BLC as both a fixed and mixed effect essentially removes variation between colonies
across geographic space from the model. This is required as I did not classify the specific
food resource availability at each wetland. Overall, these data suggest that individuals
within a colony exploit different food resources during times of limited resource
availability (i.e., late winter and early spring). These findings are unique for C.
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canadensis because previous studies showed no significant difference in food selection
based on age or sex. (Roberts 1981). These data for C. canadensis are similar to other
taxa that exhibit individual niche specialization (Werner et al. 1981, Robertson et al.
2014)
The section of hair sampled in my study represents food assimilated in winter and
early spring. δN15 has been shown to be more variable in woody species while δC13 is
variable in herbaceous aquatic and emergent vegetation (Milligan et al. 2010). My data
suggest that during winter C. canadensis consume mainly woody food resources. The
high BIC of δN15 shows that individuals are utilizing isotopically different woody food
resources. Currently, my data set is unable to attribute the amount of forage to woody,
emergent, or aquatic vegetation, though preliminary results indicate that during winter
months C. canadensis do not feed exclusively on woody vegetation on Redstone Arsenal
(unpublished data).
Though it has been shown in northern latitudes, in which C. canadensis
impoundments freeze over, aquatic vegetation is an important winter food source, these
studies were carried out under vastly different selective pressures. Ice over ponds reduced
availability to woody plant species, while availability of submerged aquatic vegetation
has less seasonal variability (Milligan and Humphries 2010, Severud et al. 2013a).
Doucet and Fryxell (1993) have shown that C. canadensis selects for woody vegetation
over non-woody vegetation when offered both. Yet these results represent summer
foraging when C. canadensis had ample access to woody and non-woody vegetation.
Also, only the leaves and stems of aquatic vegetation were offered while the tuber of
aquatic vegetation is the tissue that is available to C. canadensis during winter months
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(Doucet and Fryxell 1993, Milligan and Humphries 2010). Northern Alabama rarely
sustains temperatures low enough to freeze C. canadensis impoundments. As such,
access to woody forage is not limited during winter months, possibly accounting for more
variation in δN15 compared to δC13 (Table 3.4).
On Redstone Arsenal, C. canadensis has been documented to seasonally reduce
their home range sizes following patterns of increased Normalized Difference Vegetation
Index, which represents the amount of green vegetation in an area (McClintic et al.
2014). Such patterns offer indirect evidence that C. canadensis may shift its trophic niche
in relation to the availability of aquatic vegetation. My data are from a limited temporal
extent (late winter and early spring) when food resources are often limited. Limited
resources result in increased intraspecific competition between individuals within a single
colony. Intraspecific trophic competition has been shown to be a common mechanism
prompting individual niche specialization in other taxa (Roughgarden 1974, Bolnick et al.
2003, Araújo et al. 2011). Examples of individual trophic niche specialization have been
documents in other semi-aquatic mammals such as the California Sea Otters (Enhydra
lutris nereis) (Tinker et al. 2008). Reduced resource availability as a result of territoriality
and resource fragmentation also increases intraspecific competition, subsequently
promoting individual niche specialization. Territoriality has been positively correlated
with individual trophic niche specialization within another social mammal the European
Badger (Meles meles) (Robertson et al. 2015). With these data, I am currently unable to
strictly say which aforementioned mechanism is driving individual trophic niche
specialization.
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The niche width of C. canadensis across Redstone Arsenal would represent a
choosy generalist trophic strategy. However, C. canadensis has been shown to have strict
preference on woody vegetation in cafeteria feeding style experiments as well as
preference for few plant species in natural settings (Fryxell 1992, Gallant et al. 2004).
Several studies have shown that C. fiber colonies have specialized habitat use dependent
on local availability of food between landscape and within-home-range spatial scales
(Hyvonen and Nummi 2008, John and Kostkan 2009, John et al. 2010), but individual
trophic niche specialization has never been reported in Castor spp. The diversity of
utilized food resources and expansive range of C. canadensis suggest that describing the
foraging niche at a broad temporal or organizational scale will mask specialization.

Table 3.1

Pairwise overlap of convex hulls representing the trophic niche overlap as
measured by stable isotope analysis between individual Castor canadensis
wetlands.

OVERLAP
Convex Hull
EPW:HRW
0.000
EPW:HUD
0.000
EPW:PRP
0.632
EPW:TW
0.069
HRW:HUD
0.000
HRW:PRP
0.097
HRW:TW
0.000
HUD:PRP
0.000
HUD:TW
0.057
PRP:TW
0.074
All wetlands except Hale Road Wetland (HRW) experience trophic overlap with 2 or
more different wetlands. Hale Road Wetland only overlaps with Patton Road Pond
(PRP). Easter Posey Wetland (EPW) and Patton Road Pond overlap 63.2 % which is
substantially greater when compared to other wetland trophic overlap.
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Table 3.2

Selection of the most parsimonious linear mixed model to explain the
variation of (A) δC13 and (B) δN15 in the diet of Castor canadensis using
Akaike Information Criteria.

MODEL A
C~1
C~1+group
C~1+(1|location)+group
C~1+(1|beaver)+group
C~1+(1|location)+(1|location:beaver)+group

df

2
3
4
4
5

AIC
106.48549
107.42499
104.03812
103.60638
99.45043

Model B
df
AIC
N~1
2
196.2975
N~1+group
3
195.7427
N~1+(1|location)+group
4
186.3667
N~1+(1|beaver)+group
4
172.1067
N~1+(1|location)+(1|location:beaver)+group
5
168.5449
Random effects are location and individual nested within location. Wetland group used in
the SIBER analysis is a fixed effect.
Table 3.3

Component
WIC
BIC
TNW
WIC/TNW
BIC/TNW
BLC/TNW

The δC13 and δN15 variances and proportional contributions to Total Niche
Width (TNW) of Within Individual Component (WIC), Between Individual
Component (BIC), and Between Location Component (BLC) generated
using a linear mixed model for the winter and early spring trophic niche of
Castor canadensis on Redstone Arsenal (marked with an asterisk *).
δC13

δN15
0.143*
0.129*
0.416*
0.344
0.310
0.346
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0.297*
1.038*
1.998*
0.149
0.520
0.332

Figure 3.1

δC13 and δN15 bi-plot of the trophic niche of Castor canadensis as
measured by stable isotope analysis in Redstone Arsenal Alabama, USA.

Dotted lines are minimum convex hulls for each wetland. Sample sizes: Easter Posey
Wetland (EPW) n=14; Hale Road Wetland (HRW) n=7; Hudson Area Recreation (HUD)
n=3; Patton Road Pond (PRP) n=5; and Thiokol Wetland (TW) n=3.
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Figure 3.2

WIC/TNW

BIC/TNW

BLC/TNW

WIC/TNW

BIC/TNW

BLC/TNW

Comparisons of the proportion of variation of the Total Niche Width
(TNW) explained by the Within Individual Component (WIC), Between
Individual Component (BIC), and Between Wetland Component (BLC) for
(A) δC13 and (B) δN15 calculated using most parsimonious linear mixed
model from Table 3.2.

Variation greater than 10-20 % in the BIC supports the occurrence of individual trophic
niche specialization with colonies of Castor canadensis during winter and early spring on
Redstone Arsenal, Alabama, USA.
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CHAPTER IV
SYNTHESIS
Mayr (2004) interpreted Darwin’s theory of evolution by natural selection as a set
of five sub-theories, premier among them is “The world is always changing and in part
directionally, and organisms will change over time.” Ecotones are areas where two types
of habitats meet and often result in high levels of habitat heterogeneity and biodiversity
(Tews et al. 2004). Van Tienderen (1991) simulated the evolutionary consequences in a
heterogeneous habitat and found that specialization and generalization varied with
selection strength, amount of each habitat type, and historical events such as migration
and mutation. These simulations show that organisms adapted to heterogeneous habitats
should vary in the specialization and generalization of different dimensions of their niche.
Specialization on a small set of resources will reduce intraspecific competition from
conspecifics, while generalization will increase resource use between the numerous
habitats at an ecotone. Castor canadensis as an ecosystem engineer not only utilizes
ecotones, but constantly creates and maintains them. Increased understanding of niche
facets improves the management of an organism, and the understanding of niche as it
relates to the complex abstract networked defined by Hutchinson.
I found that C. canadensis is specialized on aquatic environments across
approximately Johnson’s second and third orders of spatial scale. There was a small
change in the inclusion of the amount of grass frequency (Table 2.2 and Table2.3), but
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this is most likely due to site specificity within a consistently human modified landscape.
I did find during winter and early spring isotopic ratio varied between C. canadensis
colonies (Fig 3.1), and that these values were consistent with a shift to mainly woody
vegetation (Fig 3.2 B) (Milligan and Humphries 2010). Within colonies, individual niche
specialization occurred during the short temporal scale of my study (Fig 3.2). Conversely,
4 out of 5 convex hulls areas over lapped with at least 2 other wetlands, suggesting that
there was also mild selection for isotopically similar food resource between colonies of
C. canadensis across Redstone Arsenal. These data show that the trophic pattern of C.
canadensis is not consistent across organizational scales. These results support the need
to consider ecological phenomena across multiple scales.
Combining the results of the habitat specialization and the varied patterns of
trophic niche specialization at the colony and individual level allow for a more complete
understanding of the overall niche of C. canadensis. The economic and ecological
importance of C. canadensis is difficult to dispute (Baker and Hill 2003). Whether the
goal of a conservation or management strategy is to promote, hinder, or eradicate C.
canadensis, a proper understanding of the niche is required.
This study increases both the theoretical understanding and practical application
of niche theory in C. canadensis. To truly increase the understanding of niche, it is
important to examine multiple facets of niche across multiple scales. Practically
understanding the specific niche of C. canadensis allows for the generation of novel,
more efficient management and conservation strategies to meet a variety of different
conservation and management goals. A combination of theory and applied understanding
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of organismal niche is required if advances in both wildlife management and ecological
theory are to meet the challenges posed within a dynamic biosphere.

47

REFERENCES
Allen, A. W., W. Energy, and L. U. Team. 1983. Habitat Suitability Index Models:
Beaver. Western Energy and Land Use Team, Division of Biological Service,
Research and Development, Fish and Wildlife Service, US Department of the
Interior.
Allen, T. F. H., and T. W. Hoekstra. 1990. The Confusion between Scale-Defined Levels
and Conventional Levels of Organization in Ecology. Journal of Vegetation
Science 1:5-12.
Araújo, M. S., D. I. Bolnick, and C. A. Layman. 2011. The Ecological Causes of
Individual Specialisation. Ecology Letters 14:948-958.
Baker, B. W., and E. P. Hill. 2003. Beaver. Pages 288-310 in G. Feldhamer, B.
Thmopson, and J. Chapman, editors. Wild Mammals of North American:
Biology, Management, and Conservation. The John Hopkins University Press,
Baltimore MD.
Bates, D., M. Mächler, B. Bolker, and S. Walker. 2015. Version 1.
Beier, P., and R. H. Barrett. 1987. Beaver Habitat Use and Impact in Truckee River
Basin, California. The Journal of Wildlife Management 51:794-799.
Bloomquist, C. K., and C. K. Nielsen. 2010. Demography of Unexploited Beavers in
Southern Illinois. Journal of Wildlife Management 74:228-235.
Bolnick, D. I., P. Amarasekare, M. S. Araújo, R. Bürger, J. M. Levine, M. Novak, V. H.
W. Rudolf, S. J. Schreiber, M. C. Urban, and D. A. Vasseur. 2011. Why
Intraspecific Trait Variation Matters in Community Ecology. Trends in Ecology
& Evolution 26:183-192.
Bolnick, D. I., R. Svanbäck, J. A. Fordyce, L. H. Yang, J. M. Davis, C. D. Hulsey, and
M. L. Forister. 2003. The Ecology of Individuals: Incidence and Implications of
Individual Specialization. The American Naturalist 161:1-28.
Bolnick, D. I., L. H. Yang, J. A. Fordyce, J. M. Davis, and R. Svanbäck. 2002. Measuring
Individual-Level Resource Specialization. Ecology 83:2936-2941.

48

Bonte, D., H. Van Dyck, J. M. Bullock, A. Coulon, M. Delgado, M. Gibbs, V. Lehouck,
E. Matthysen, K. Mustin, M. Saastamoinen, N. Schtickzelle, V. M. Stevens, S.
Vandewoestijne, M. Baguette, K. Barton, T. G. Benton, A. Chaput-Bardy, J.
Clobert, C. Dytham, T. Hovestadt, C. M. Meier, S. C. F. Palmer, C. Turlure, and
J. M. J. Travis. 2012. Costs of Dispersal. Biological Reviews 87:290-312.
Boyce, M. S. 2006. Scale for Resource Selection Functions. Diversity and Distributions
12:269-276.
Boyce, M. S., and L. L. McDonald. 1999. Relating Populations to Habitats Using
Resource Selection Functions. Trends in Ecology and Evolution 14:268-272.
Boyce, M. S., P. R. Vernier, S. E. Nielsen, and F. K. Schmiegelow. 2002. Evaluating
Resource Selection Functions. Ecological Modelling 157:281-300.
Bozdogan, H. 1987. Model Selection and Akaike's Information Criterion (Aic): The
General Theory and Its Analytical Extensions. Psychometrika 52:345-370.
Bradley, B. A., A. D. Olsson, O. Wang, B. G. Dickson, L. Pelech, S. E. Sesnie, and L. J.
Zachmann. 2012. Species Detection Vs. Habitat Suitability: Are We Biasing
Habitat Suitability Models with Remotely Sensed Data? Ecological Modelling
244:57-64.
Bryzyski, J. R., and B. A. Schulte. 2009. Beaver (Castor canadensis) Impacts on
Herbaceous and Woody Vegetation in Southeastern Georgia. American Midland
Naturalist 162:74-86.
Burnham, K. P., and D. R. Anderson. 2002. Model Selection and Multi-Model Inference:
A Practical Information-Theoretic Approach 2nd edition. Springer, New York.
Cabeza, M., A. Arponen, L. Jäättelä, H. Kujala, A. Van Teeffelen, and I. Hanski. 2010.
Conservation Planning with Insects at Three Different Spatial Scales. Ecography
33:54-63.
Cagnacci, F., L. Boitani, R. A. Powell, and M. S. Boyce. 2010. Animal Ecology Meets
Gps-Based Radiotelemetry: A Perfect Storm of Opportunities and Challenges.
Philosophical Transactions of the Royal Society of London B: Biological
Sciences 365:2157-2162.
Calenge, C. 2006. The Package "Adehabitat" for the R Software: A Tool for the Analysis
of Space and Habitat Use by Animals. Ecological Modelling 197:516-519.
Campbell, R. D., F. Rosell, B. A. Nolet, and V. A. A. Dijkstra. 2005. Territory and Group
Sizes in Eurasian Beavers (Castor fiber): Echoes of Settlement and Reproduction?
Behavioral Ecology and Sociobiology 58:597–607.

49

Chave, J. 2013. The Problem of Pattern and Scale in Ecology: What Have We Learned in
20 years? Ecology Letters 16:4-16.
Cianfrani, C., L. Maiorano, A. Loy, A. Kranz, A. Lehmann, R. Maggini, and A. Guisan.
2013. There and Back Again? Combining Habitat Suitability Modelling and
Connectivity Analyses to Assess a Potential Return of the Otter to Switzerland.
Animal Conservation 16:584-594.
Comfort, E. J., D. A. Clark, R. G. Anthony, J. Bailey, and M. G. Betts. 2016. Quantifying
Edges as Gradients at Multiple Scales Improves Habitat Selection Models for
Northern Spotted Owl. Landscape Ecology 31:1227.
Corriale, M. J., and E. A. Herrera. 2014. Patterns of Habitat Use and Selection by the
Capybara (Hydrochoerus hydrochaeris): A Landscape-Scale Analysis. Ecological
Research 29:191-201.
Dalerum, F., and A. Angerbjörn. 2005. Resolving Temporal Variation in Vertebrate Diets
Using Naturally Occurring Stable Isotopes. Oecologia 144:647-658.
Darimont, C. T., and T. E. Reimchen. 2002. Intra-Hair Stable Isotope Analysis Implies
Seasonal Shift to Salmon in Gray Wolf Diet. Canadian Journal of Zoology
80:1638-1642.
Darwin, C. 1859. On the Origin of Species. Volume 1.Murray, London.
Daubenmire, R. 1968. Plant Communities a Textbook of Plant Synecology. Harper and
Row, New York.
DeNiro, M., and S. Epstein. 1976. You Are What You Eat (Plus a Few‰): The Carbon
Isotope Cycle in Food Chains. Geological Society of America 6:834.
DeNiro, M. J., and S. Epstein. 1978. Influence of Diet on the Distribution of Carbon
Isotopes in Animals. Geochimica et Cosmochimica Acta 42:495-506.
Deniro, M. J., and S. Epstein. 1981. Influence of Diet on the Distribution of Nitrogen
Isotopes in Animals. Geochimica et Cosmochimica Acta 45:341-351.
Devictor, V., J. Clavel, R. Julliard, S. Lavergne, D. Mouillot, W. Thuiller, P. Venail, S.
Villeger, and N. Mouquet. 2010. Defining and Measuring Ecological
Specialization. Journal of Applied Ecology 47:15-25.
Devictor, V., R. Julliard, and F. Jiguet. 2008. Distribution of Specialist and Generalist
Species Along Spatial Gradients of Habitat Disturbance and Fragmentation. Oikos
117:507-514.

50

Donkor, N. T., and J. M. Fryxell. 1999. Impact of Beaver Foraging on Structure of
Lowland Boreal Forests of Algonquin Provincial Park, Ontario. Forest Ecology
and Management 118:83-92.
Doucet, C. M., and J. M. Fryxell. 1993. The Effect of Nutritional Quality on Forage
Preference by Beavers. Oikos 67:201-208.
Elith, J., S. J. Phillips, T. Hastie, M. Dudík, Y. E. Chee, and C. J. Yates. 2011. A
Statistical Explanation of Maxent for Ecologists. Diversity & Distributions 17:4357.
Elton, C. 1926, 2001. Animal Ecology. Chicago University Press, Chicago.
Fry, B. 2006. Stable Isotope Ecology. Springer-Verlag New York, New York, New York.
Fryxell, J. M. 1992. Space Use by Beavers in Relation to Resource Abundance. Oikos
64:474-478.
Futuyma, D. J., and G. Moreno. 1988. The Evolution of Ecological Specialization.
Annual Review of Ecology and Systematics 19:207-233.
Gallant, D., C. H. Bérubé, E. Tremblay, and L. Vasseur. 2004. An Extensive Study of the
Foraging Ecology of Beavers (Castor canadensis) in Relation to Habitat Quality.
Canadian Journal of Zoology 82:922-933.
Gannes, L. Z., C. M. Del Rio, and P. Koch. 1998. Natural Abundance Variations in
Stable Isotopes and Their Potential Uses in Animal Physiological Ecology.
Comparative Biochemistry and Physiology 119:725-737.
Graf, R. F., K. Bollmann, W. Suter, and H. Bugmann. 2005. The Importance of Spatial
Scale in Habitat Models: Capercaillie in the Swiss Alps. Landscape Ecology
20:703-717.
Grinnell, J. 1917. The Niche-Relationships of the California Thrasher. The Auk 34:427433.
Guisan, A., W. Thuiller, and N. Gotelli. 2005. Predicting Species Distribution: Offering
More Than Simple Habitat Models. Ecology Letters 8:993-1009.
Hall, L. S., P. R. Krausman, and M. L. Morrison. 1997. The Habitat Concept and a Plea
for Standard Terminology. Wildlife Society Bulletin 25:173-182.
Halley, D., and F. Rosell. 2002. The Beaver's Reconquest of Eurasia: Status, Population
Development and Management of a Conservation Success. Mammal Review
32:153-178.

51

Hartman, G. 1996. Habitat Selection by European Beaver (Castor fiber) Colonizing a
Boreal Landscape. Journal of Zoology 240:317-325.
Hilden, J. 1991. The Area under the Roc Curve and Its Competitors. Medical Decision
Making 11:95-101.
Hirzel, A. H., J. Hausser, D. Chessel, and N. Perrin. 2002. Ecological-Niche Factor
Analysis: How to Compute Habitat-Suitability Maps without Absence Data?
Ecology 83:2027-2036.
Hirzel, A. H., and G. Le Lay. 2008. Habitat Suitability Modelling and Niche Theory.
Journal of Applied Ecology 45:1372-1381.
Hirzel, A. H., G. Le Lay, V. Helfer, C. Randin, and A. Guisan. 2006. Evaluating the
Ability of Habitat Suitability Models to Predict Species Presences. Ecological
Modelling 199:142-152.
Holt, R. D. 2009. Bringing the Hutchinsonian Niche into the 21st Century: Ecological
and Evolutionary Perspectives. Proceedings of the National Academy of Sciences
106:19659-19665.
Homer, Dewitz JA, Yang L, Danielson P, Xian G, Coulston J, Herold ND, W. JD., and
M. K. 2015. Completion of the 2011 National Land Cover Database for the
Conterminous United States-Representing a Decade of Land Cover Change
Information. Photogrammetric Engineering and Remote Sensing 81:345-354.
Hood, G. A., and D. G. Larson. 2015. Ecological Engineering and Aquatic Connectivity:
A New Perspective from Beaver-Modified Wetlands. Freshwater Biology 60:198208.
Hood, W. G. 2012. Beaver in Tidal Marshes: Dam Effects on Low-Tide Channel Pools
and Fish Use of Estuarine Habitat. Wetlands 32:401-410.
Hossack, B. R., W. R. Gould, D. A. Patla, E. Muths, R. Daley, K. Legg, and P. S. Corn.
2015. Trends in Rocky Mountain Amphibians and the Role of Beaver as a
Keystone Species. Biological Conservation 187:260-269.
Hutchinson, G. 1957. Concluding Remarks. Cold Springs Harbor Symposia on
Quantitative Biology 22:415-427.
Hyvonen, T., and P. Nummi. 2008. Habitat Dynamics of Beaver Castor canadensis at
Two Spatial Scales. Wildlife Biology 14:302-308.
Jackson, A. L., R. Inger, A. C. Parnell, and S. Bearhop. 2011. Comparing Isotopic Niche
Widths among and within Communities: Siber–Stable Isotope Bayesian Ellipses
in R. Journal of Animal Ecology 80:595-602.
52

Jarek, S. 2012. Normality Test for Multivariate Variables.
John, F., S. Baker, and V. Kostkan. 2010. Habitat Selection of an Expanding Beaver
(Castor fiber) Population in Central and Upper Morava River Basin. European
Journal of Wildlife Research 56:663-671.
John, F., and V. Kostkan. 2009. Compositional Analysis and Gps/Gis for Study of
Habitat Selection by the European Beaver, Castor fiber in the Middle Reaches of
the Morava River. Folia Zool 58:76-86.
Johnson, D. H. 1980. The Comparison of Usage and Availability Measurements for
Evaluating Resource Preference. Ecology 61:65-71.
Johnston, C. A., and R. J. Naiman. 1990. Browse Selection by Beaver: Effects on
Riparian Forest Composition Canadian Journal of Forest Research 20:1036-1043.
Jueterbock, A., I. Smolina, J. A. Coyer, and G. Hoarau. 2016. The Fate of the Arctic
Seaweed Fucus distichus under Climate Change: An Ecological Niche Modeling
Approach. Ecology and Evolution.6:1712-1724
Krausman, P. R. 1999. Some Basic Principles of Habitat Use. Pages 85-90 in K. D. S. K.
L. Launchbaugh, J.C. Mosley editor. Grazing Behavior of Livestock and Wildlife.
University of Idaho Forest, Wildlife and Range Experimental Station Bulletin.
Krojerová‐ Prokešová, J., M. Barančeková, L. Hamšíková, and A. Vorel. 2010. Feeding
Habits of Reintroduced Eurasian Beaver: Spatial and Seasonal Variation in the
Use of Food Resources. Journal of Zoology 281:183-193.
Layman, C. A., and J. E. Allgeier. 2012. Characterizing Trophic Ecology of Generalist
Consumers: A Case Study of the Invasive Lionfish in the Bahamas. Marine
Ecology Progress Series 448:131-141.
Lele, S. R., and J. L. Keim. 2006. Weighted Distributions and Estimation of Resource
Selection Probability Functions. Ecology 87:3021-3028.
Levin, S. A. 1992. The Problem of Pattern and Scale in Ecology: The Robert H.
Macarthur Award Lecture. Ecology 73:1943-1967.
Ling, J. K. 1970. Pelage and Molting in Wild Mammals with Special Reference to
Aquatic Forms. The Quarterly Review of Biology 45:16-54.
Liu, C., M. White, and G. Newell. 2011. Measuring and Comparing the Accuracy of
Species Distribution Models with Presence-Absence Data. Ecography 34:232243.
MacArthur, R. H., and E. R. Pianka. 1966. On Optimal Use of a Patchy Environment.
American Naturalist 100:603-609.
53

Mayr, E. 2004. What Makes Biology Unique?: Considerations on the Autonomy of a
Scientific Discipline. Cambridge University Press.
McClintic, L. F., J. D. Taylor, J. C. Jones, R. D. Singleton, and G. Wang. 2014. Effects of
Spatiotemporal Resource Heterogeneity on Home Range Size of American
Beaver. Journal of Zoology 293:134-141.
McRae, B. H. 2006. Isolation by Resistance. Evolution 60:1551-1561.
McRae, B. H., B. G. Dickson, T. H. Keitt, and V. B. Shah. 2008. Using Circuit Theory to
Model Connectivity in Ecology, Evoluton, and Conservation. Ecology 89:27122724.
McTaggart, S. T. 2002. Colony Composition and Demographics of Beavers in Illinois.
Eastern Illinois University, Charleston, IL.
Merow, C., M. J. Smith, and J. A. Silander. 2013. A Practical Guide to Maxent for
Modeling Species’ Distributions: What It Does, and Why Inputs and Settings
Matter. Ecography 36:1058-1069.
Milligan, H. E., and M. M. Humphries. 2010. The Importance of Aquatic Vegetation in
Beaver Diets and the Seasonal and Habitat Specificity of Aquatic-Terrestrial
Ecosystem Linkages in a Subarctic Environment. Oikos 119:1877-1886.
Milligan, H. E., T. D. Pretzlaw, and M. M. Humphries. 2010. Stable Isotope
Differentiation of Freshwater and Terrestrial Vascular Plants in Two Subarctic
Regions. Ecoscience 17:265-275.
Mott, C. L., C. K. Nielsen, and C. K. Bloomquist. 2013. Within-Lodge Interactions
between Two Ecosystem Engineers, Beavers (Castor canadensis) and
Muskrats (Ondatra zibethicus). Behaviour 150:1325-1344.
Muller-Schwarze, D., and L. Sun. 2003. The Beaver: Natural History of a Wetland
Engineer. Cornell University Press, Ithica NY.
Naiman, R. J., G. Pinay, C. A. Johnston, and J. Pastor. 1994. Beaver Influences on the
Long-Term Biogeochemical Characteristics of Boreal Forest Drainage Networks.
Ecology 75:905-921.
Nams, V. 2005. Locate III Triangulation Software. Pacer Software, Truro, Nova Scotia,
Canada.
Nathan, R., W. M. Getz, E. Revilla, M. Holyoak, R. Kadmon, D. Saltz, and P. E. Smouse.
2008. A Movement Ecology Paradigm for Unifying Organismal Movement
Research. Proceedings of the National Academy of Sciences 105:19052-19059.
Nowak, R. M. 1999. Walker's Mammals of the World. Johns Hopkins University Press.
54

Orians, G. H., and N. E. Pearson. 1979. On the Theory of Central Place Foraging. in D. J.
Horn, G. R. Stairs, and R. D. Mitchell, editors. Analysis of Ecological Systems.
Ohio State University Press, Columbus OH.
Parker, H., P. Nummi, G. Hartman, and F. Rosell. 2012. Invasive North American Beaver
Castor canadensis in Eurasia: A Review of Potential Consequences and a
Strategy for Eradication. Wildlife Biology 18:354-365.
Patenaude-Monette, M., M. Belisle, and J. F. Giroux. 2014. Balancing Energy Budget in
a Central-Place Forager: Which Habitat to Select in a Heterogeneous
Environment? PLoS One 9:e102162.
Pearl, C. A., M. J. Adams, P. K. Haggerty, and L. Urban. 2015. Using Occupancy Models
to Accommodate Uncertainty in the Interpretation of Aerial Photograph Data:
Status of Beaver in Central Oregon, USA. Wildlife Society Bulletin 39:319-325.
Peinetti, H. R., B. W. Baker, and M. B. Coughenour. 2009. Simulation Modeling to
Understand How Selective Foraging by Beaver Can Drive the Structure and
Function of a Willow Community. Ecological Modelling 220:998-1012.
Petro, V. 2013. Evaluating "Nuisance" Beaver Relocation as a Tool to Increase Coho
Salmon Habitat in the Alsea Basin of the Central Oregon Coast Range. Oregon
State University, Corvalis OR.
Phillips, D., and J. Gregg. 2003. Source Partitioning Using Stable Isotopes: Coping with
Too Many Sources. Oecologia 136:261-269.
Phillips, D. L., and P. M. Eldridge. 2006. Estimating the Timing of Diet Shifts Using
Stable Isotopes. Oecologia 147:195-203.
Phillips, D. L., S. D. Newsome, and J. W. Gregg. 2005. Combining Sources in Stable
Isotope Mixing Models: Alternative Methods. Oecologia 144:520-527.
Phillips, S. J., R. P. Anderson, and R. E. Schapire. 2006. Maximum Entropy Modeling of
Species Geographic Distributions. Ecological Modelling 190:231-259.
Pietrek, A. G., and M. González-Roglich. 2015. Post-Establishment Changes in Habitat
Selection by an Invasive Species: Beavers in the Patagonian Steppe. Biological
Invasions 17:3225-3235.
Pinto, B., M. Santos, and F. Rosell. 2009. Habitat Selection of the Eurasian Beaver
(Castor fiber) near Its Carrying Capacity: An Example from Norway. Canadian
Journal of Zoology 87:317-325.
R Core Team. 2016. R Foundation for Statistical Computing, Vienna, Austria.

55

Razgour, O., J. Hanmer, and G. Jones. 2011. Using Multi-Scale Modelling to Predict
Habitat Suitability for Species of Conservation Concern: The Grey Long-Eared
Bat as a Case Study. Biological Conservation 144:2922-2930.
Renner, I. W., J. Elith, A. Baddeley, W. Fithian, T. Hastie, S. J. Phillips, G. Popovic, and
D. I. Warton. 2015. Point Process Models for Presence-Only Analysis. Methods
in Ecology and Evolution 6:366-379.
Roberts, T. H. 1981. Food Habits of Beaver in East-Central Mississippi. Ph.D.,
Mississippi State University, Ann Arbor.
Robertson, A., R. A. McDonald, R. J. Delahay, S. D. Kelly, and S. Bearhop. 2014.
Individual Foraging Specialisation in a Social Mammal: The European Badger
(Meles meles). Oecologia 176:409-421.
Robertson, A., R. A. McDonald, R. J. Delahay, S. D. Kelly, and S. Bearhop. 2015.
Resource Availability Affects Individual Niche Variation and Its Consequences in
Group-Living European Badgers Meles meles. Oecologia 178:31-43.
Rossell Jr, R. C., K. Selm, D. H. Clarke, J. L. Horton, J. Rhode-Ward, and S. J. Patch.
2013. Impacts of Beaver Foraging on the Federally Threatened Virginia Spiraea
(Spiraea virginiana) Along the Cheoah River, NC. Southeast Naturalist 12:439447.
Roughgarden, J. 1972. Evolution of Niche Width. American Naturalist 106:683-718.
Roughgarden, J. 1974. Niche Width: Biogeographic Patterns among Anolis Lizard
Populations. The American Naturalist 108:429-442.
Schneider, D. C. 2001. The Rise of the Concept of Scale in Ecology. BioScience 51:545.
Severud, W. J., J. L. Belant, S. K. Windels, and J. G. Bruggink. 2013a. Seasonal
Variation in Assimilated Diets of American Beavers. American Midland
Naturalist 169:30-42.
Severud, W. J., S. K. Windels, J. L. Belant, and J. G. Bruggink. 2013b. The Role of
Forage Availability on Diet Choice and Body Condition in American Beavers
(Castor canadensis). Mammalian Biology 78:87-93.
Shwiff, S. A., K. N. Kirkpatrick, and K. Godwin. 2011. Economic Evaluation of Beaver
Management to Protect Resources in Mississippi. Human-Wildlife Interactions
5:306-314.
South, A., S. Rushton, and D. Macdonald. 2000. Simulating the Proposed Reintroduction
of the European Beaver (Castor fiber) to Scotland. Biological Conservation
93:103-116.
56

Steyaert, S. M., A. Zedrosser, and F. Rosell. 2015. Socio-Ecological Features Other Than
Sex Affect Habitat Selection in the Socially Obligate Monogamous Eurasian
Beaver. Oecologia 179:1023-1032.
Stoffyn-Egli, P., and J. H. M. Willison. 2011. Including Wildlife Habitat in the Definition
of Riparian Areas: The Beaver (Castor canadensis) as an Umbrella Species for
Riparian Obligate Animals. Environmental Reviews 19:479-494.
Sun, L., D. Müller-Schwarze, and B. A. Schulte. 2000. Dispersal Pattern and Effective
Population Size of the Beaver. Canadian Journal of Zoology 78:393-398.
Tews, J., U. Brose, V. Grimm, K. Tielbörger, M. Wichmann, M. Schwager, and F.
Jeltsch. 2004. Animal Species Diversity Driven by Habitat
Heterogeneity/Diversity: The Importance of Keystone Structures. Journal of
Biogeography 31:79-92.
Thompson, S., M. Vehkaoja, and P. Nummi. 2016. Beaver-Created Deadwood Dynamics
in the Boreal Forest. Forest Ecology and Management 360:1-8.
Tinker, M. T., G. Bentall, and J. A. Estes. 2008. Food Limitation Leads to Behavioral
Diversification and Dietary Specialization in Sea Otters. Proceedings of the
National Academy of Sciences 105:560-565.
Townsend, P. A., and D. R. Butler. 1996. Patterns of Landscape Use by Beaver on the
Lower Roanoke River Floodplain, North Carolina. Physical Geography 17:253269.
Van Tienderen, P. H. 1991. Evolution of Generalists and Specialist in Spatially
Heterogeneous Environments. Evolution 45:1317-1331.
Van Valen, L. 1965. Morphological Variation and Width of Ecological Niche. American
Naturalist 99:377-390.
Vandermeer, J. H. 1972. Niche Theory. Annual Review of Ecology and Systematics:107132.
Vorel, A., L. Válková, L. Hamšíková, J. Maloň, and J. Korbelová. 2015. Beaver Foraging
Behaviour: Seasonal Foraging Specialization by a Choosy Generalist Herbivore.
Behavioral Ecology and Sociobiology 69:1221-1235.
Warren, D. L., and S. N. Seifert. 2011. Ecological Niche Modeling in Maxent: The
Importance of Model Complexity and the Performance of Model Selection
Criteria. Ecological Applications 21:335-342.
Werner, E. E., G. G. Mittelbach, and D. J. Hall. 1981. The Role of Foraging Profitability
and Experience in Habitat Use by the Bluegill Sunfish. Ecology 62:116-125.
57

Wiens, J. A., J. F. Addicott, T. J. Case, and J. Diamond. 1986. Overview: The Importance
of Spatial and Temporal Scale in Ecological Investigations. Pages 145-153 in
Community Ecology. Harper and Row, New York.
Wolf, M., and F. J. Weissing. 2012. Animal Personalities: Consequences for Ecology and
Evolution. Trends in Ecology and Evolution 27:452-461.
Wright, J. P., C. G. Jones, and A. S. Flecker. 2002. An Ecosystem Engineer, the Beaver,
Increases Species Richness at the Landscape Scale. Oecologia 132:96-101.
Ydenberg, R. C., and W. E. Davies. 2010. Resource Geometry and Provisioning
Routines. Behavioral Ecology 21:1170-1178.

58

ADDITIONAL FIGURES

59

Figure A.1

Map of Redstone Arsenal, Alabama, USA.

Fur samples collected at labeled colonies for stable isotope analysis. HRW= Hale Road
Wetland, PRP= Patton Road Pond, TW= Thiokol Wetland, IPW= Igloos Pond Wetland,
EPW= Easter Posey Wetland, BB= Blue Berry. Background data is National Land Cover
Data 2011.
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